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INTRODUCTION 
In the manufacture of composite structures the alignment of the reinforcing fibers 
can be distorted into wavy patterns due to uneven curing and shrinkage of the resin. 
Such wavy distortions will reduce both the strength and the stiffness of the composite 
structure. Yet if the fibers are intentionally formed into wavy patterns in an elastomer 
matrix a composite material with a stiffness that responds to changing loads and strains 
is produced. Such materials can be applied to uses were great flexibility is required 
within a limited range but high stiffness is required outside the range. This is the 
requirement for athletic knee braces and aircraft arrestor nets to name only two 
applications. Wave propagation techniques can be used to study the effects of fiber 
waviness on the stiffnesses of composite materials. 
The specific case under study at this time is an elastomeric matrix composite 
material. This case proved the most interesting for the following reasons. The use of 
an elastomeric or low Young's modulus matrix material allows the amplitude and 
wavelength of the waves in the reinforcing fibers to change as the composite is 
stretched. This change in wave shape with strain causes the properties of the composite 
to change as well. The elastomeric matrix introduces greater nonlinearity to the problem 
under study, thus allowing greater application of the results. 
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THEORY 
The waviness of the reinforcing fibers causes the stiffness of the material in the 
fiber direction to change with distance. Einsteinian summation notation will be used in 
the following equations to simplify their writing and save space. To study the effect 
that this change in stiffness has upon wave propagation, the general form of wave 
equation for continuous media is applied [1]. The wave equation is written as 
(1) 
where the O"ij is the stress components and U i is the displacement components. Using the 
method given in [1] the wave equation can be written in terms of the components of the 
stiffness matrix and the strains, yielding the following, 
(2) 
where Cijkl is the components of the stiffness matrix and where commas in the subscripts 
indicate differentiation with respect to direction. When expanded the dependence of 
stiffness upon distance requires that Eq.(2) be written as 
C"kl ,Uk 1 + C.'kJLk I' = P ii, IJ,J. IJr-., I (3) 
The solution of Eq.(3) is assumed to be of the form 
(4) 
where Ao is the wave amplitude, Uk is the polarization component, k is the wave number, 
Ii is the wave normal component, and (() is the circular frequency. 
The particular geometry under study for all analyses undertaken is a long fiber 
composite. The fibers of the composite are distorted into in-phase sinusoidal waves in 
the XY plane. The mathematical relation for these fiber waves is 
- B . (21tx) Y - sm--fiber L (5) 
where B is the amplitude of the waviness and L is the wavelength of the 
waviness.(Figure 1) The composite is assumed to be transversely isotropic in the YZ 
plane. 
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Figure. 1. Geometry of a composite with fiber waviness in the XY plane. 
The components of the stiffness matrix vary as the fibers' reinforcing effect is placed at 
an angle to the X axis by the distortion of the fibers. This angle is derived from Eq.(5) 
to be 
(6) 
The form of the position dependent stiffness components can now be found by applying 
the stiffness transformation equations[3]. Cll takes the form of 
(7) 
where the barred values are the C's computed for 8=0. The other stiffness components 
can be found in the same way as Cll was found. 
To determine the form of the k's for the problem, Eq.(4) is substituted into Eq.(3) 
and the relations for the C's given by Eq.(7) are applied. This results in a set of 
ordinary differential equations for the k's. Solving of these differential equations is 
currently underway and will be the subject of a future paper. The solution to Eq.(3) 
was also sought by numerical means. 
FINITE DIFFERENCE SOLUTION 
Equation (3) was simulated numerically for the case of an ultrasonic longitudinal 
wave traveling in the X direction with the aid of [2]. A central difference scheme was 
used to transform the derivatives present in Eq.(3) into finite differences. The scheme's 
equation is 
(8) 
1313 
where i is the distance index and n the time index. The C values are computed using 
Eq.(6) and Eq.(7). The finite difference equation(FDE) was then written into a Fortran 
program to simulate waves propagating through a composite with wavy fibers. 
The materials used in the FDE simulation of the problem were high modulus carbon 
fibers in a neoprene rubber matrix. The fiber volume fraction was 0.10. The length of 
the fiber waves was O.5m. The ~x was O.OOlm and the ~t was 6xlO-9 seconds. The 
wave was induced by applying a time varying displacement as the left boundary 
condition. The equation for this condition is 
(9) 
were Do was set at O.OOSm for all simulations. 
The program was run for two variations in the values of the variables in the 
governing equations. In the first variation the frequency of the wave was altered over a 
range of values to determine the frequency dependence of the wave phenomena under 
study. The second variation was in the amplitude of the fiber waviness to determine the 
effect of a change in the propagation of waves with changing degree of fiber waviness. 
RESULTS 
The frequency of the left boundary displacement was given three values 3.l2Sx105 
Hz, 6.2Sx105 Hz, and 1.2Sx106 Hz. The amplitude, B, of the fiber wave was held 
constant at O.lm. These three trials produced the following wave shapes after 24,000 
time steps. (Figures 2-4) When the frequency was held constant at 1.2Sx106 Hz and the 
amplitude of the fiber waviness given the values 0.02Sm, O.OSm, O.lm, the following 
three wave shapes resulted. (Figures S-7). 
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Figure 2. Variation in the amplitude of the propagating wave with distance, due to fiber 
waviness for ffi=1.2Sx106 Hz. The A denotes the amplitude of fiber waviness x O.OS. 
The B denotes the propagating wave. 
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Figure 3. Variation in the amplitude of the propagating wave with distance, due to fibel 
waviness for ffi=6.25x105 Hz. The A denotes the amplitude of fiber waviness x 0.05. 
The B denotes the propagating wave. 
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Figure 4. Variation in the amplitude of the propagating wave with distance, due to fiber 
waviness for ffi=3.125x105 Hz. The A denotes the amplitude of fiber waviness x 0.05. 
The B denotes the propagating wave. 
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Figure S. Variation in the amplitude of the propagating wave with distance, due to fiber 
waviness for ro=1.2SxIQ6 Hz and B=0.02Sm. The A denotes the amplitude of fiber 
waviness x O.OS. The B denotes the propagating wave. 
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Figure 6. Variation in the amplitude of the propagating wave with distance, due to fiber 
waviness for ro=1.25xl06 Hz and B=0.05m. The A denotes the amplitude of fiber 
waviness x 0.05. The B denotes the propagating wave. 
1316 
0.006 
~ 
V '" 
0.004 
8 0.002 
~ o 
\\ 
!I 
v 
P.. 
~ -0.002 
v v 
-0.004 
-0.006 
o 0.1 0.2 
B 
\\ 
A 
1\ 
'\ 
~ 
0.3 
Distance( Ill) 
0.4 
/ 
/r 
/ 
/ 
/ 
/ 
/ 
0.5 0.6 
Figure 7. Variation in the amplitude of the propagating wave with distance, due to fiber 
waviness for ffi=1.25x106 Hz and b=O.lm. The A denotes the amplitude of fiber 
waviness x 0.05. The B denotes the probigating wave. 
DISCUSSION 
The effect of the fiber waviness on the propagating wave is immediately obvious in 
Figure 2. The amplitude of the wave both increases and decreases as the wave travels 
through the material. Borrowing a term from acoustics this phenomena will be called 
beating for the rest of the paper. These increases and decreases correspond to whether 
the angle of the fiber relative to the X axis is growing or diminishing. This interesting 
result can be explained by using conservation of energy. As the wave moves from a 
higher stiffness area to a lower one the amount of material deformation needed to store 
the energy increases; thus, the wave amplitude increases. The wave amplitude decrease 
is just the reverse; the wave's energy can be stored with less deformation of the 
composite. This beating is not seen change in degree in Figures 3 and 4 even though 
the frequency is reduced by half between Figures 2 and 3 and again between Figures 3 
and 4. Although there is not a noticeable change in the beat effect between the three 
frequency cases as the frequency is decreased another effect becomes visible. 
The wavelength of the propagating wave is seen to lengthen and then shorten as it 
travels through the composite. The locations of the lengthening wavelength in Figures 3 
and 4 correspond to the locations where the fiber angle relative to the X axis is 
decreasing and the shortening to an increase in the angle. This can be explained as the 
speed of propagation is directly proportional to the stiffness, so as the composite's 
stiffness changes due to changes in the fiber's relative angle the speed should also 
change. In the stiffer regions the wave speed increases thus causing the wavelength to 
increase as the leading edge of the wave outraces the trailing edge. The effect is 
reversed as the wave enters a lower stiffness region. The leading edge slows down and 
the trailing edge catches up. This effect increases as the frequency decreases. The 
obvious reason for this is that the lower frequency waves have a longer initial 
wavelength allowing the leading edge to enter the regions of changing wave speed well 
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ahead of the trailing edge allowing more time for the wave to expand. The shorter the 
wavelength the shorter this time and the wave is accelerated with very little distortion of 
its wavelength. If a wave with very short wavelength relative to the wavelength of the 
fiber waviness is sent through the composite an effect on the wave's travel time should 
be detectable. This would allow internal waviness to be detected in composite parts 
even if such a flaw would not reflect the wave. 
The amount of beating the propagating wave experiences is dependent on the 
amplitude of the fiber waviness. As the amplitude of the fiber's waviness increases for 
the amount of beating goes form being just noticeable for the B=O.025m case, to visible 
in the B=O.05m case, to become readily apparent in the B=O.lm case,Figures 5-7. 
When all three cases are compared it can be seen that the amount of beating increases in 
approximately direct proportion to the amount of distortion. As B is doubled between 
each case the amount of beating approximately doubles. This is to be expected for the 
amplitude of the fiber waviness, greater the change in stiffness, the greater the amount 
of beating that should be present. 
FUTURE WORK 
Experiments are planned to see if the predicted effects actually occur. Test 
specimens composed of an elastomeric matrix and fibers with predetermined amounts of 
waviness imposed upon them. The experiments themselves will consist of transmitting 
ultrasonic waves down the fiber direction of the specimen and measuring transit times 
and damping effects. 
CONCLUSION 
The effect of fiber waviness on a composite is to cause the stiffness to vary cyclicly 
along the direction of the fiber wave. The effect of this variation is to cause the 
amplitude of a propagating wave to also vary cyclicly or beat as it travels through the 
composite. This effect is roughly proportional to the amount of waviness in the fibers. 
The wave speed is also changed by the fiber waviness resulting in waves having 
wavelengths that increase and decrease as they travel through the composite. This effect 
should allow the presence of waviness to be detected within composite structures by 
measuring changes in travel time for waves passing through the part. 
REFERENCES 
l. R. A. Kline, Nondestructive Characterization of Composite Media (Technomic, 
Lancaster, 1992). 
2. D. A. Anderson, J. C. Tannehill, Richard H. Pletcher, Computational Fluid 
Mechanics and Heat Transfer (Hemisphere, New York, 1984). 
3. S. G. Lekhitski, Theory of Elasticity of an Anisotropic Elastic Body (English 
translation) (Holden-Day, San Fransico, 1963). 
1318 
